Evidence of rotational autoionization in the threshold region
of the photoionization spectrum of CH 5
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The photoionization spectrum of the threshold region of@Huilibrated at room temperature has
been recorded and compared to the zero electron kinetic e(i®E{E) spectrum of Blustet al.[J.
Chem. Phys98, 3557 (1993]. The ionization onset region is at70 cmi ! higher energy than
previous high-temperature photoionization w¢hupka and Lifshitz, J. Chem. Phy48, 1109
(1967)], but still ~34 cmi ! lower than that implied by invoking only direct ionization. The residual
discrepancy can be accounted for by including fully allowed quadrupole-induced and partially
allowed dipole-induced rotational autoionization, thus making the observed onset completely
congruous with the ZEKE ionization potential. In addition, the fragment appearance potential of
CHy from CH, was redetermined by accurate fitting as A&BH;/
CH,)=14.322+-0.003 eV. With the very precise ZEKE ionization potential, this yields the best
current value for the bond dissociation energy in methabg(H—CH;)=4.484+0.003 eV
=103.40+0.07 kcal/mol (104.96+0.07 kcal/mol at 298 K © 1997 American Institute of
Physics[S0021-960807)03247-9

I. INTRODUCTION head of theQ branch. The hot rotational distribution of GH

(1000-1300 K in the photoionization experimenis ex-

precursors, was examined previodshy photoionization at pected to extend the breadth of the branches and thus de-

a resolutio,n of~100 cm'L. The threshold region is domi- crease the slope of the threshold, but should not cause an
: appreciable net shift to lower energy. Hence, in the absence

nated by a strong ©-0 vibrational Franck—Condon factor, an= !
manifesting itself as a “sharp” step with a half-rise at of autoionization, there appears to be no obvious reason why

9.825-0.010 eV. Normally, this value would be interpreted the midrise of_ the photoionization step should not yield an IP
as the adiabatic ionization potentidP). However, it was Compatible with PES or PFI. _
~150cmt lower than Herzberg's  spectroscopic In this paper we would like to show that the photoion-
determinatiof of 79 392+ 5 cm 1=9.8434-0.0006 eV, ob- ization spectrum of the threshold region of &Hwhen
tained by extrapolating early members of three Rydberg seequilibrated at room temperature, yields an ionization onset
fies. Although the general appearance of the photoionizatiofloser to the ZEKE valfethan previous high-temperature
threshold led them to the assumption that autoionization doghotoionization experimentsand demonstrate that the ap-
not occur in the threshold region, Chupka and Lifshitan- ~ parent residual discrepancy can be explained by invoking
cluded that the discrepancy must nevertheless be due to &@tational autoionization.
inadequate interpretation of the threshold shape.

Subsequent  photoelectron  spectroscopi¢PES
investigationd~° at a resolution of-120—160 cm? yielded®
9.837+=0.005 eV as the adiabatic IP, in reasonable agreement
with Herzberg's valué. More recently? the ionization Il EXPERIMENT
threshold region of CH (produced by flash pyrolysis of
azomethane was examined by pulsed field ionization ~ The basic instrumentation employed here was recently
(PFI). The rotationally resolved~1.5 cm) spectrum of ~described elsewhefeCH; was producedh situ by hydrogen
near-zero kinetic energy electrofBEKE) yielded an adia- abstraction from methane. Fluorine atoms were generated in
batic IP of 79 3493 cm 1=9.8380+0.0004 eV, somewhat a low-pressure microwave discharge through pure fluorine

(43 cmY) lower than Herzberg's valde(and in excellent and piped into a small cuplike region, where they reacted
agreement with the coarser PES vad)udut still 105cm?®  with the methane precursor. The construction of the radical

higher than the photoionization valte. source ensures that species emanating into the ionization re-
If direct ionization were indeed the only significant con- gion have undergone several collisions with the source walls
tributor to the ionization threshold region of GHthen an  and are thus equilibrated to ambient temperature. The reac-
integral over the PES or ZEKE spectrum should fairly repro-tion yield was optimized by manually adjusting the output
duce the threshold shape of the photoionization yield curvepower of the microwave source and the flows g&iRd CH,.
A brief glance at the ZEKE spectrirsuggests that such an The experiments utilized the many-lined Werner and Lyman
integral would tend to produce a relatively simple steplikeemission bands of j1 which provided an accurate internal
shape, with the midrise not too far from the position of thewavelength calibration.

The methyl radical, produced by pyrolysis of suitable

9852 J. Chem. Phys. 107 (23), 15 December 1997 0021-9606/97/107(23)/9852/5/$10.00 © 1997 American Institute of Physics



M. Litorja and B. Ruscic: Evidence of rotational autoionization 9853

o o °o °°o o %o
00 090900 0o + © 40000 ,0 O a) direct ionization
PO 00 CHy"IGH, Pl Lo’ "o 0 ©

: {0 —— (b} quadrupole-aliowed autoionization
() -
(a) °u‘-, —————— (c) dipole-allowed autoionization

o
©
2
®
o

—&— (d) curve (c) - experiment

o experimental data

bl
@

=3
o
o
o ° °
o
°
00

o
~
o

Relative lon Yield / arb. units
(=]
=

Relative lon Yield / arb. units

=}
[N}
o
0 ©°
o
0

o
Ny
(3

Q T o P T T
400 300 200 100 0 -100 -200 -300 -400 -500 -800 -700
Relative Photon Energy / cm’"

126.0 125.5 126.0 126.5 127.0 127.5 128.0
Photon Wavelength / nm

FIG. 1. The threshold region of the photoion yield curve of,@Htained by
reaction of CH with F atoms. The radical is equilibrated at room tempera-
ture.

FIG. 2. Various simulations of the shape of the ionization threshold of CH
The energy scale is relative to the adiabatic ionization potential, taken from
Ref. 6 as 9.838f 0.0004 eV.(a) Curve incorporating only direct ionization.

(b) Curve incorporating quadrupole-allowed rotational autoionization of
nde’y 2E” Rydberg states(c) Curve obtained by assuming that, in addi-
lll. RESULTS tion, dipole-induced autoionization is fully alloweet) The difference be-

. . tween the experimental data points and cuicje
Figure 1 displays a mass-resolved/e= 15) scan of the

threshold region of Cklcovering 125-128 nm, recorded at

- . 71 .
medium resolution 50 cm™), and at 0.02 nm point den- =0,%+2, as shown by Bluskt al®) for perpendicular transi-

sity. The wavelength scale calibration is believed to be cor-. . .
rect to <0.01nm (~5cm Y. The overall shape of the tions. As manifested by the ZEKE spectrénpropensity

threshold, which corresponds to the vibrationless—(@) rgles t‘?”d to emphasizAN=0~1 transitions. Thus, th?
VI S 2an L ; simulation uses only?, Q, andR branches, with the addi-
CH; X "A;—CHy, X °A; transition, is indeed that of a giant o of 5 weakO branch. However, it includes bothK

Stig's 08!8%2 norgigglggtong)igfgev position 785 - al —0 andAK==2 subbands, in spite of the fact that Blush
o e NMES. ) ev, some c et al® state that there is very little indication of the latter.

higher than the value reported by Chupka and Lifshitmt Apparent evidence to the contrary is the line assifrasi
still ~34 cm 't shy of the PFI valué.The plateau region Ro. With only AK=0 available, it would requireN* =1
displays muddled autoionization structure converging tchi':O as the final level, nonexistent by virtue of nuclear
higher vibrational levels of the ion, while the a}scending por- pin statistic¥ if CH} is of Dg, symmetry. With AK
tion of the step ShOW_S some substructure in t_he form 0=i2, there are several small lines in the immediate vicinity,
gentle steps or undula_tlons. 'I_'he very weak steplike StrUCturSCcounting for the experimental observation.
at"~ 127.02-0.05 nm lsloreadlly ag?gned_ asvg_hot band The individual line intensities were estimated by taking
(a; out-of-plane bend;™®606.5 cm™). lIts intensity(~1%) into account the nuclear spin statistics, degeneracy, and the
r°‘_’9h'y corresponds to room temperature Boltzmann POPUB s 1tzmann population of the initial states, as well as the
lation of v, (~5%), reduced by_ fche o1 Franck—(_:?ndon nuclear spin statistics and degeneracy of the ionic states. To
factor. The strong%rsékl transition falls ~ 780 cm © be- iy jte the direct ionization portion of the photoionization
yond the tthShOI&' " The remaining hum_pllke undulations threshold, the calculated transitions were convoluted with the
observable in the threshold regm(rpeakmg. e_1t~126.5, experimental resolution and integrated. A baseline offset to
7126.'2’ apd Pe’hf"ps 125.9-126.0 nmare difficult to ra- accommodate the, hot band was added, and the intensity
tionalize via vibrational hot bands. adjusted to match the relative experimental scale, making
some allowance for the autoionization structure in the pla-
IV. DISCUSSION teau region. The result is shown in Figa® as a thin solid
A. Direct ionization in the threshold region line on an energy scale relative to the ionizgtior_n potential of
) ] Blush et al® (79349+3 cm™Y). The direct ionization model
Using known rotational constaitts' of CHs and CH,  ¢learly predicts that the adiabatic IP is near the midrise point.
we have produced a simple simulation of the relevant rOtaCompared to the experiment, the curve is shifted nonuni-
tional structure. The continua accessible from the groungormly to higher energy. Thus, one concludes that direct ion-
state of CH, X ?Aj, consist of the CHl X *A] ion core ization alone is not sufficient to explain the photoionization
coupled toksa;, kda;, andkd€’ outgoing electron chan- threshold.
nels. These mirror the Rydberg serighs 8, andy) observed
by Herzberd’ Theksa, B 2A} andkda, & 2A; continua are
accessible by parallel, andde’ y 2E” by perpendicular
transitions. TheAJ=0, =1 selection rule leads tAN=0, The modeling of autoionization phenomena is more in-
+1,+2 (AK=0) for parallel andAN=0,+1,+2,+3 (AK tricate. ThegB, 4, andy Rydberg states converging to every

B. Autoionization in the threshold region
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rotational level of the ion can autoionize if the appropriatepresent in photoionization mass spectrometric experiments.
(i.e., the same symmetry, parity, and total angular momenkn this case one would expect to see a dependence on the
tum) continuum and mechanism is available. Since ;CH magnitude of the repeller field. To explore this aspect, we
does not have a permanent dipole moment, only quadrupoleave recorded spectra at various repeller settings, ranging
(ANT=even) autoionization will be fully allowed. While from 0.8 to 12.5 V/cm. Within the statistical uncertainty of
thensa] B 2A] andnda; & 2A; Rydberg states are not ca- the data, all spectra appeared identical. Another possible can-
pable of autoionizing via this mechanism, thee’ y 2E”  didate is the momentary dipole that occurs as;Qihder-
Rydberg states have twbvalues in common with thkde’  goes the zero-point out-of-plane vibrational motion. This di-
continuum built upon théd -2 level. The partial cross sec- pole will not be very efficient in inducing autoionization,
tion associated with these Rydberg states will appear as aince, in classical terms, its vibrational period is about three
autoionizing quasicontinuum, producing a miniature steplikeorders of magnitude shorter than the orbital period of an
contribution to the ion yield with an onset at the' -2 level  n*~50 Rydberg electron. On the other hand, its efficiency
of the ion. Without autoionization, the corresponding contri-has to be compared to the lifetime of the Rydberg states in
bution would have had an onsetMt level. The simulation the absence of autoionization, which can be substantial.
that includes autoionization from the appropridtspace of However marginal, such a mechanism will be more efficient
ndée’ y 2E” Rydberg states is depicted in Figbp (the thick  for low Rydberg stategwith shorter orbital periods and
solid line). The curve grazes the experimental points fromwill become less effective as* increases. This* depen-
the high-energy side and appears to account for the bulk alence will change the shape of the contribution to the ion
the observed threshold shape, missing only the additionafield. Instead of a flattop step, the contribution will now
intensity present in the regions of the three humps mentionedisplay an onset corresponding to lower states, followed
in Sec. lll. Rather than at the midrise, the adiabatic IP is nowby a depression and regaining intensity close to the ioniza-
located closer to the upper end of the step. tion limit. The depression corresponds to the Rydberg states
The nsa, B 2A] andnda; & ?A; Rydberg states have with intermediaten* values, for which this mechanism is
oneJ value in common with both thksa; andkda; con- inefficient. Very highn* states, close to the ionization limit,
tinuum channels built upon the* -1 level of the ion, while can autoionize via an induced dipole mechanism even in
thende’ y °E” Rydberg states have thrdevalues in com-  weak fields, since their polarizability increasesisA simi-
mon with the analogoukd€’ continuum. In addition, they  lar overall effect, albeit related to induced-dipole autoioniz-
Rydberg states also have odevalue in common with the ation, has been postulated previously fos. ™ The antici-
kde’ continuum built upon théN™-3 level of the ion. Thus, pated cumulative effect of such depressions in the partial
if a dipole mechanism were available, one-half of dhgpace ionization cross sections is to create broader spectral valleys
of B and § Rydberg states and three-quarters of dnepace preceding the onsets of the principal rotational branches.
of ¥ Rydberg states with appropriaté’ values could au- The modeling of partially allowed dipole-induced auto-
toionize. If fully allowed, such autoionization could make ionization, whether by a mechanism similar to the one de-
the S (andT) rotational branches unavailable to ZEKE-type scribed above or some other, would be a tall task even with
experiments, which rely on time-delayed pulsed-field ionizathe aid of sophisticated quantum mechanical calculations ca-
tion of very highn* Rydberg states. However, in ti@ P, pable of yielding the proper* dependence of autoionization
Q, andR branches there is a significant numberJofalues  probability. However, in order to qualitatively test the plau-
for which autoionization is not possible. These nonautoionsibility of the ideas outlined above, we have performed ex-
izing states are sufficient to comfortably reproduce the lingploratory simulations which incorporated quenching of
positions and approximately the intensities measured bipole-allowed autoionization for intermediat& values in a
Blush et al® very crude manner. These tests suggested that such quench-
The assumption that the dipole mechanism is fully opering effects could indeed lead to a structured threshold shape
ating produces the simulation depicted in Figc)2dashed with broad valleys roughly in the appropriate positions.
line). Not surprisingly, this curve overestimates the ion yield, = Overall, the simulations shown in Fig. 2 demonstrate
grazing the data on the low-energy side. The experimentdhat the bulk of the photoionization threshold shape can be
trace could now be perceived as if it consisted of cuie  explained by direct ionization via a we&k branch and nor-
with the addition of broad valleys, shown inverted by sub-mally developedP, Q, and R branches, combined with
tracting the experimental data from curi@, Fig. 2d). One  quadrupole-induced autoionization afde’y 2E” Rydberg
valley is centered at-210 cmi'!, with perhaps two addi- states. The additional structure in the experimental spectrum
tional poorly resolved valleys at 90 and 0 cm?. The struc-  is probably caused by partially allowed dipole-induced ion-
ture is obscured at the high-energy side partly by(thlera-  ization of all three (nsa& 8 2A;, nda;é?A;, and
tional) autoionization occurring in the plateau region in thend€e’y ?E”) Rydberg series converging to the threshold. The
experiment, and partly by the fact that t branch is implication of the autoionization model is that the selection
slightly overemphasized in the simulation. The position ofof the midrise of the threshold step as adiabatic IP is not
the valleys coarsely resembles an unresolved rotational speappropriate in this case. Instead, the proper value is close to
trum shifted to lower energy by 90—120 cm™. the high end of the step. However, the traditional shortcut,
One potentially active dipole mechanism can be tracedvhich selects the midrise of the threshold step as the adia-
to the dipole induced by the repeller field, which is alwaysbatic IP (and thus effectively ignores rotational substructure
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even if only direct ionization were presgntvould in prac-
tice lead to a relatively small errg¢for thermodynamic pur-
pose$ of 0.0042 e\=34 cm 1=0.10 kcal/mol.

The described threshold effects involving autoionization
are ultimately thermal in their nature, inasmuch as their in-
tensity is derived from the Boltzmann population of rota-
tional levels of the initial neutral species. As mentioned in
Sec. |, if only direct ionization were present, the enhanced
temperatures would simply extend the breadth of the
branches and thus decrease the slope of the threshold, with-
out causing an appreciable net shift of the midrise to lower
energy. However, rotational autoionization builds up inten- .
sity below the nominal threshdlg). While the magnitude of W WIS nEnemey e T8
the resulting departure from the simple midrise interpretation
is small to moderate at room temperature, it is expected to bec. 3. The photon yield curve of the GHragment from methane. The

substantially |arger at elevated temperatures, such as usee@lid line barely discernible under the experimental points is a model fit at
previouslyl the experimental temperatuf@00 K), while the line displaced toward

. L higher energy is the derived fragment ion yield at 0 K. The fitted value for
With the autoionization model proposed here, the room- 9 N J y

e ! the appearance potential is §BH; /CH,)=14.322-0.003 eV.
temperature photoionization experiment becomes completely

compatible with the precise adiabatic IP value of 9.8380

+0.0004 eV obtained by Blusét al® If, instead, the spec- i

troscopic valuéof 9.8434+0.0006 eV is used in the model- :14'32,&0'093_6\/ yields th? best current value for the
ing, a much poorer fit to the data is obtained. Compared t&°nd dissociation energy in methane @o(H-CHy)

Fig. 2, the simulated curves appear shifted to higher energy 4-484-0.003 V=103.40-0.07 kcal/mol (104.96

to the extent that even the full inclusion of dipole-induced — 9-07 kcal/mol at 298 K only a shade higher than the most

autoionization still substantially underestimates the experif€c€nt recommendatidfl. With ~auxiliary heats of

. 18 . H ° p—
mental data, clearly indicating that this IP value is too high.formation,® this  translates into AH; 4(CHy)=35.84
+0.09 kcal/mol andAH} ,44CH3)=35.03+0.09 kcal/mol.

The corresponding heat of formation of the CHon is
C. Thermodynamical consequences AH} ((CH3)=262.71+0.09 kcal/mol.

Herzberg's extrapolated valtiéor IP(CH,), quoted” as
9.843+0.002 eV, and a photoionization measurenteiwof
the appearance potentighP) of the CI—[{ fragment from
CH,;, APy(CH;/CH,)=14.320-0.004 eV, which lead to Earlier photoionization work on the methyl radical,
Dy(H-CH;)=103.2+0.1 kcal/mol, are the basis for the cur- which was generated by pyrolysis of dimethyl mercury
rently  recommendéd values Dy(H-CH;)=103.3 and/or methyl nitrate at 1000—1300 K, implies an adiabatic
+0.1 kcal/mol andAHY ,qCH3)=35.0+0.1 kcal/mol. Us- IP that is lower than the PFI-ZEKE determinafioby
ing the PFI valukfor IP(CHy) instead of Herzberg’s, intro- 105 cnit. When CH, is equilibrated at room temperature,
duces a slight variance ef0.12 kcal/mol. However, most of the ionization onset region appears70 cm * closer to the
this shift (~0.09 kcal/mol) can be compensated for by usingPFI-ZEKE value. However, a simple interpretation of the
the alternate determination of  ARH;/CH, threshold shape that includes only direct ionization, still pro-
=14.324+0.003 eV by McCulloh and Dibeléf which ap-  duces an apparent discrepancy-e84 cm . The residual
pears to be at least as reliable as Chupkals. view of the  disparity can be accounted for by including fully allowed
two slightly different determinations of ABH;/CH,), we  quadrupole-induced and partially allowed dipole-induced ro-
have decided to reexamine the fragment yield curve of CH tational autoionization. This makes the observed photoion-
from CH, and use our recently developed fitting ization onset completely congruous with the ZEKE ioniza-
procedure$!’ to either confirm or amend the appearance potion potentiat of 9.8380+0.0004 eV, and indicates that
tential. A full account of the fitting procedure used here hasHerzberg's extrapolated valtieof 9.8434+0.0006 eV is
been given recently elsewheté&igure 3 shows the experi- slightly too high. The autoionization model also helps ratio-
mental data recorded at 300 K and the fit, barely discernibl@alize why the ionization onset of thermally hot Cappears
from the points, as well as the implied ion yield curve cor-to be depressed when compared to other data.
responding to 0 K. The derived APt ® K is 14.322 In addition, the fragment appearance potential of;CH
+0.003 eV, in very good agreemefwithin the respective from CH, was redetermined by accurate fitting as
error barg with both previous determinatiod3;® and, in ~ APy(CH;/CH,)=14.322-0.003 eV. With the very precise
fact, it coincides with their arithmetic average. ZEKE ionization potential, this yields the best current value

With the PFI-ZEKE value IRCH;)=9.8380 for the bond dissociation energy in methane,
+0.0004 eV, which appears to be fully supported by theD,(H-CH;) =4.484+0.003 eV=103.40+0.07  kcal/mol
present  study, our redetermined #AEH;/CH,  (104.96-0.07 kcal/mol at 298 K.

CH,*/CH,

Relative lon Yield / arb. units

V. CONCLUSION
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